Introductionstudy, we focused on the second option, i.e. on the manipulation of NPM localization by an 111 interference with NPM oligomerization. 112
The small molecule NSC348884 has been reported to prevent formation of NPM oligomers 113 (61). It has been found to activate p53, to inhibit cell growth, and to trigger the apoptosis (2, 61). In 114 pregnant mice, application of NSC348884 induced attenuation of p-Stat3 nuclear localization in the 115 uterine luminal epithelium and decreased the number of implantation sites (36). Cell cycle arrest at 116 G1 phase and viability suppression were observed after NSC348884 treatment of atypical 117 teratoid/rhabdoid tumor (AT/RT) cell lines. Moreover, significant upregulation of NPM1 gene, typical 118
for AT/RT cells, was extensively reduced in the presence of NSC348884 (56). NSC348884 was also 119 proved to reduce phagocytosis of myelin-debris by microglia. This reduction was ascribed to 120 decreased K-Ras/Galectin-3 signaling possibly caused by NPM inhibition (64). 121
To study the effect of NPM oligomerization inhibitors, it was necessary to establish a reliable 122 set of methods for detection of NPM oligomers in both cell lysates and live cells. Recently, we 123 presented a method for monitoring NPM oligomerization in live cells based on a time-resolved 124 fluorescence (FLIM-FRET) technique (35). In that work, point mutations in the NPM oligomerization 125 domain, at Cysteine 21 (C21), have been introduced, as the mutation of C21 to aromatic hydrophobic 126 residues had been reported to inhibit NPM oligomerization (37, 60) . Surprisingly, we did not observe 127 any effect of these mutations on NPM oligomerization in live cells (35) . Although this result was also 128 confirmed by immunoprecipitation, some changes induced by C21 mutations can be detected in vitro 129 by native and semi-native electrophoresis, as we document in the present study. Enomoto et al. (16) 130 determined specific residues and regions accountable for NPM oligomerization, for its nucleolar 131 localization, and for p14Arf binding (16). These data disclosed that NPM variants lacking part of N-132 terminal domain were localized in the nucleoplasm and exhibited no ability to interact with other 133 NPM molecules. As a test system in live cells, we thus created fluorescently labeled N-terminal NPM 134 mutants with deletions of the first 25, 100 and 117 amino acids (25, 100, 117), and we examined 135 their oligomerization status by native electrophoresis, immunoprecipitation, and FLIM-FRET 136 technique. 137
Having established a robust experimental system, we analyzed the effect of NSC348884 in 138 both cell lysates and live cells. Effect of NSC348884 on NPM oligomerization, apoptosis, and cell 139 adhesivity is presented, and putative mechanism of NSC348884 action is discussed. 140 141 142
Material and Methods

144
Cell culture and chemicals 145 Leukemia cell lines MV4-11, OCI-AML2, OCI-AML3, KG-1, and KASUMI-1 were purchased from 146 DSMZ (Germany), HL-60 were from ECACC (GB) originated from leukapheresis of hyperleukocytic AML patients. PBMC were separated using 154
Histopaque 1077 (Sigma-Aldrich), washed with PBS and resuspended in RPMI-1640 with 10% FBS. 155
The presence of C-terminal NPM mutation was detected by PCR and the mutation type was 156 determined by sequencing (40) and confirmed by Western blotting and immunofluorescence using 157 specific anti-NPMmut antibody (66 
where  i and  i are the fluorescence lifetimes and the corresponding amplitudes, respectively.
247
Typically, two decay components were sufficient for acceptable fit. The intensity-weighted mean 248 fluorescence lifetime was calculated as: 249
where f i are fractional intensities of the i-th lifetime component: 251
Electrical cell-substrate impedance sensing (ECIS) 254
Impedance measurements were performed using the ECIS Zθ device (Applied Biophysics). 255
The wells of 8W10E+ plates were filled with 200 µl culture medium and the baseline was monitored 256
for several hours before cell addition. HeLa or 293T cells were seeded at 120.000 cells/well and 257 monitored overnight, the inhibitors were added after 20 to 24 h. One well from each plate was left 258 empty (medium only), and the signal from this well was used as the baseline for the other wells of 259 the same plate. The instrument automatically decomposes the impedance signal into resistance and 260 capacitance. As the course of capacitance at 64 kHz mirrored that of resistance at 2 kHz, the 261 observed evolution of the resistance signal reflects changes in the cell-surface contact area. The ECIS 262 records were exported to Microsoft Excel and processed using the GraphPad Prism software: the 263 background was set to zero at a time point shortly before cell seeding, and the baseline (empty well) 264 was subtracted. The curves shown in the graphs represent the averages from replicate wells, which 265 were run in parallel. 266 267 Statistical analyses 268
As described in our previous work (7), the majority of experiments were performed using cell 269 lines and repeated until the observed differences between groups reached statistical significance. A 270 p-value of 0.05 or lower was pre-set to be indicative of a statistically significant difference between 271 groups compared. In diagrams, arithmetic means of replicates of all experiments were plotted with 272 SD error bars. Significance levels (p values of ANOVA or Student´s t-test) were determined using 273
InStat Software (GraphPad Software). 274 275
Results
276
Interaction and stability of NPM with C21 point mutation 277 278 NPM oligomerization is mediated by the N-terminal NPM part whereas the mutation, which 279 is associated with acute myeloid leukemia (AML) and which drives NPMmut into the cytoplasm, 280
occurs at the C-terminus. This mutation does not abrogate the NPM oligomerization ability (3). 281
Partial delocalization of NPMwt into the cytoplasm is caused by heterooligomer formation in cells 282 expressing NPMmut (3, 7). The native electrophoresis performed under reducing conditions (termed 283 the semi-native electrophoresis, see Material and Methods) revealed that the stability of NPM 284 oligomers was slightly lowered in the C-terminal mutants (66). Therefore, therapy based on the 285 disruption of NPM oligomerization might be beneficial for AML patients with NPM1 mutation. A 286 reliable method for oligomerization monitoring is required in screens for potential drugs affecting the 287 oligomerization. To establish a positive control and to validate the method, we tested mutations 288 reported to inhibit NPM oligomerization. 289 Point mutation in C21 was shown to be important for NPM oligomerization (60). However, 290
we have recently demonstrated that in live cells, oligomeric state of NPM is not affected by this 291 mutation (35). In addition, immunoprecipitation revealed the interaction of the endogenous NPM 292 with eGFP-labeled NPM with point mutation at C21 (G_C21). C21 was substituted either to Ala 293 (G_C21A), or to Phe (G_C21F). In the present work, we used fluorescence microscopy and native 294 electrophoresis to characterize in detail the impact of these C21 mutations. Both G_C21 mutants 295 exhibited nucleolar localization, identical to that of NPMwt (Fig. 1) . Furthermore, the mRFP1-labeled 296 NPM_C21 (R_C21) was found in the cytoplasm of HEK-293T (293T) cells co-transfected with eGFP-297 labeled NPMmut (G_NPMmut). The fraction of cells exhibiting mRFP1 signal in the cytoplasm was 298 comparable for all R_NPM variants (Fig. 1 ). Both C21 mutants therefore seem to form 299 heterooligomers with NPMmut alike NPMwt. To follow the findings on the C-terminal mutants, we 300 examined native lysates from cells expressing G_C21A or G_C21F in acrylamide gels with and without 301 SDS (Fig. 2) . Whereas C21A exhibited a high-MW band (presumably oligomers) identical to that of 302 NPMwt under native conditions, the band from C21F was located at the position corresponding to 303 the weak lower-MW fraction of NPMwt or NPMmut (presumably monomers). In these experiments, 304 the band from endogenous NPM oligomers served as a loading and position control. The results from 305 semi-native electrophoresis in Fig. 2 show markedly increased monomer/oligomer ratio of C21A 306 compared to NPMwt and absence of C21F oligomers. These results suggest that although NPM 307 oligomerization seems to be unaffected by the C21 point mutation in live cells, the stability of the 308 oligomers is considerably attenuated. Similar results were obtained with mRFP1-labeled variants. 309
Interestingly, mRFP1-labeled proteins displayed slightly lower mobility in the native conditions. 310
Moreover, R_NPM oligomers were found to be somewhat more stable compared to G_NPM ones 311 (Fig. 2b) . 312 We have not observed any changes in expression and in oligomerization state of the 313 endogenous NPMwt in cells containing C21 mutants. Therefore, we further investigated the effect of 314 C21F substitution on the stability of exogenous heterooligomers formed by a mixture of fluorescently 315 labeled C21F and NPMwt. 293T cells were alternatively transfected with single fluorescent variants of 316 C21F and NPMwt, or co-transfected with the combination of both. As shown in Fig. 3 and Fig. S1 , the 317 exogenous NPMwt monomer/oligomer ratio is strongly affected by the presence of C21F. In the 318 native blots, band intensities attributed to the C21F oligomers and to the NPMwt monomers are 319 both considerably higher in traits corresponding to co-transfected sample than the values in traits 320 from single transfected cells. that all the truncated NPM forms reside both in the nucleoli and in the nucleoplasm (Fig. 4) . As 337 expected, the largest deletion resulted in an increased accumulation of the mutant in the 338 nucleoplasm. 339
To monitor NPM complex formation, lysates from 293T cells transfected with fluorescently 340 labeled deletion mutants were subjected to electrophoresis. As expected, inability of the truncated 341 proteins to form oligomers was reflected by an absence of the high-MW bands under native and 342 semi-native conditions (Fig. 5a ). Further we investigated the stability of mixed NPM oligomers 343 containing exogenous NPMwt and selected deletion mutants. 293T cells were co-transfected with 344 plasmids ensuring expression of 117 and NPMwt and the lysates were analyzed ( Fig. 5b and S2 ). NPMwt, 25, 100 or 117. Then co-immunoprecipitation using GFP-Trap was performed. 351 Surprisingly, interaction of the endogenous NPM with any deletion mutant (i.e. except the plasmid 352 encoding for free eGFP) was found although the amount of co-precipitated endo-NPM was slightly 353 lower compared to the G_NPMwt precipitates (Fig. 5c) . Simultaneously, level of co-precipitated 354 nucleolin (NCL), which interacts with the NPM region near its C-terminus (44) and does not interact 355 with the AML-related NPMmut (66), was higher in precipitates of the truncated NPM forms. 356
Interestingly, the level of another co-precipitated nucleolar protein, fibrillarin (FBL), also positively 357 correlated with the extent of N-terminus deletion. Finally, the tumor suppressor p14Arf, which is 358 known to interact with the N-terminal NPM domain (16), clearly co-precipitated only with the 359 G_NPMwt. 360
To evaluate the utility of the method for detection of the complexes containing both NPMwt 361 and the deletion mutants, we performed GFP/RFP-immunoprecipitation from the cells co-transfected 362 with R_NPMwt and G_∆117. The co-transfection of R_NPMwt and G_C21F served as the interacting 363 control. Whereas NPMwt was clearly detected in samples obtained by precipitation of the deletion 364 mutant, the vice versa co-precipitation failed (Fig. 5d) . Identical results were obtained for 365 combination NPMwt+100. No interaction was found between two color variants of the N-terminal 366 mutant (Fig. S3 ). 367
The Förster resonance energy transfer (FRET) is a robust spectroscopic method for evaluation 368 of the donor-acceptor proximity in protein complexes. Increased FRET upon the complex formation is 369 reflected in the decrease in the donor fluorescence lifetime. We used fluorescence lifetime imaging 370 (FLIM) to evaluate its capability to detect complexes between fluorescently tagged truncated 371 proteins and NPMwt in live cells. Specifically, the FRET between eGFP donor and mRFP1 acceptor 372 attached to NPMwt and 117 (or 100) was examined. Presence of FRET within the complex was 373 detected by the acceptor photobleaching: an increase in the donor lifetime upon the acceptor 374 photodestruction is a strong positive indicator of the mixed-complex formation. Results are shown in 375 Fig. 6 . Panels A and B show the initial localization of the green and red signal within the cells, panels 376 C and D the intensity ratio I red /I green before and after the photobleaching, respectively. Corresponding 377 FLIM images and lifetime histograms from the analyzed nucleolar area are shown in the panels E, F 378 and G, respectively. As expected, a significant lifetime increase resulting from the FRET cancellation 379 was detected after photobleaching in cells co-transfected with G_NPMwt and R_NPMwt. On the 380 contrary, virtually no effect was observed in cells transfected with the G_117+R_117 mutants. In 381 accord with the literature (16) and with our precipitation data, this result indicates inability of the 382 117 mutants to interact with each other and to form multimers. This protein pair can therefore 383 serve as a negative control for the multimer formation. As seen from Fig. 6 , in samples containing 384 combination of the 117 deletion mutants with NPMwt, the GFP-lifetime sligthly, but still visibly, 385 increases upon the acceptor photobleaching. The change corresponds with the results of our 386 electrophoretic experiments and suggests some amount of the mixed multimer to be present in the 387 cell. The statistical analysis from multiple experiments (n=3-5) is presented in Fig. 6H , where cells 388 transfected with G_117 (the donor only transfection) served as a negative control. The figure clearly 389 proves oligomerization of NPMwt. Oligomerization of 117 deletion mutants is clearly undetected 390 and the presence of mixed NPMwt+117 multimers is at the significance limit. Interestingly, the 391 statistical evaluation also suggests the asymmetric character of interaction between NPMwt and  392 variants. These results are in a nice agreement with the immunoprecipitation. 393 394
Effect of NSC348884 on cell viability, apoptosis and NPM oligomerization 395 396
The small molecule NSC348884 was reported to interfere with NPM oligomerization in solid 397 tumor cell lines (61) as well as in leukemia cells (2). Furthermore, it was proved to inhibit 398 proliferation, to upregulate p53 and to trigger apoptosis (2, 61). We thus investigated the influence 399 of NSC348884 treatment in a panel of leukemia cell lines complemented with HeLa and 293T cells. 400
Prior to characterization of the NSC348884 effect on NPM oligomerization, we performed the 401 analysis of cell viability and apoptotic markers. The cell viability in the presence of NSC348884 was 402 monitored by propidium iodide (PI) exclusion test (Fig. 7a) . Caspase-3 fragmentation as well as 403 changes of p53 expression were investigated by immunoblotting to assess the extent of apoptosis in 404 NSC348884-treated cells (Fig. 7b) . For the majority of the cell lines, the EC50 value were within the 405 interval from 2 to 10 M. The viability drop correlated with increased caspase-3 fragmentation 406 indicating the onset of apoptosis (Fig.7b) . Simultaneously, NSC348884-induced increase in the p53 407 level was detected in some of the cell lines possessing wild-type p53. Contrarily to previously 408 reported results (2), the majority of cell lines with NPMwt was more sensitive than the cell line with 409 NPMmut (OCI-AML3). Comparable sensitivity (from caspase-3 fragmentation) to NSC348884 410 treatment was found also for the primary cells of AML patients regardless of their NPM mutational 411 status (Fig. 7c) . Unexpectedly, native PAGE experiments revealed no influence of NSC348884 on NPM 412 oligomerization (Fig.8) . Endogenous NPM oligomers were found to be stable in KG-1, HL-60, MV4-11, 413 and HeLa cell lines, which exhibited extensive apoptosis after NSC348884 treatment, as well as in 414 OCI-AML2, OCI-AML3 and 293T, which were substantially more resistant to the treatment. 415 To further investigate effect of NSC348884 in vivo, we co-transfected 293T and HeLa cells 416 with R_NPMwt and G_NPMmut. Then the cytoplasmic localization of R_NPMwt was monitored for 2 417 hours after addition of 10M NSC348884 (Fig. 9 ). In agreement with our previous results (6, 7), 418 detectable fraction of R_NPMwt was found in the cytoplasm of both cell lines at the starting time 419 point. Lower cytoplasmic fraction of R_NPMwt in HeLa cells (compared to 293T) likely results from a 420 higher endogenous NPM level (7, 47). Importantly, the cytoplasmic localization of R_NPMwt 421 remained unchanged for at least 2h after the treatment, suggesting independence of NPM 422 oligomerization on the presence of NSC348884 in vivo (Fig. 9) G_NPMmut and weakly oligomerizing R_C21F was used to mark the position of the low-MW band 432 ( Fig. 10a and S4) . No difference between the control and the NSC348884-treated sample was found 433 either under native or semi-native conditions. Similar results were obtained from cells co-transfected 434 with alternative combinations, i.e. with G_NPMwt+R_NPMwt or with G_NPMmut+R_NPMmut (Fig.  435  10b) . Identical samples were afterwards subjected to immunoprecipitation (GFP-and RFP-Trap). All 436 the exogenous NPM forms as well as the endogenous NPM were detected in all GFP-and RFP-437 precipitates regardless the NSC348884 addition (Fig. 11) . In agreement with our previous work (66), 438 control experiment revealed that NCL co-precipitated with NPMwt and it did not co-precipitate with 439 any form of NPMmut. Again, the NPM-NCL interaction was not affected by the presence of 440 NSC348884 in any experiment. To further investigate the mechanism of NSC348884 action, we monitored the observed 457 adhesivity changes more thoroughly with help of Electrical Cell-Substrate Impedance Sensing (ECIS) 458 technique. As ECIS allows for real-time monitoring of cell contact with the surface of the sample well, 459
we were able to follow the time course of the adhesivity decrease after NSC348884 addition (Fig 13) . 460 We have reported previously, that inhibition of Src family kinases by dasatinib resulted in a rapid 461 drop of ECIS signal, which corresponded to cell shrinkage, and we thus used dasatinib as a reference 462 compound (65). In both adherent cell lines, 293T and HeLa, NSC348884 induced large, dose-463 dependent changes in the resistance signal, which were similar to those produced by IPA-3 (27) , an 464 inhibitor of p21-activated kinases (PAK). PAK are key regulators of adhesion signaling, which have 465 been proposed as therapeutic targets in different kinds of cancer including leukemias (10, 23). We 466 thus analyzed possible effect of NSC348884 on expression and activity of PAK1, as well as of Cofilin, 467 which governs actin remodeling during changes of cell shape. Indeed, Ser144 phosphorylation of 468 PAK1 reporting on its kinase activity was reduced after 2h of NSC348884 treatment whereas total 469 PAK1 expression remained unchanged (Fig. 14) . and R_NPMwt in cells co-expressing G_NPMmut is very comparable (Fig. 1) . This strongly indicates an 485 existence of interaction between native NPM forms and the C21 mutants. Our results from native 486 and semi-native electrophoreses allowed us to evaluate the interaction potential of C21 mutants 487 depending on the substituted aminoacid (Fig. 2) in vitro, in agreement with the results of Prinos et al 488 (60). Whereas C21F substitution significantly affected the stability of NPM oligomers at native 489 conditions ( Fig. 3 and S1 ), the effect of the C21A substitution was only detectable under reducing 490 conditions. NPM oligomers were reported to consist of five NPM molecules (15), and formation of 491 heterooligomers containing NPMwt and NPM mutants were found to be highly frequent (3, 7). We 492 therefore suggest that the in vivo stability of NPM heterooligomers is permitted by a sufficient 493 number of NPMwt molecules in the heterooligomeric complex. Under such conditions, the C21 point 494 mutations do not have the potential to disrupt these complexes in living cells, although their stability 495 is compromised. 496
In agreement with results of Enomoto et al (16), partial or complete deletion of NPM 497 oligomerization domain (aa1-117) led to delocalization of the truncated protein from the nucleoli to 498 the nucleoplasm (Fig. 4) . However, even the NPM with completely deleted N-domain (117) 499 exhibited higher concentration in the nucleoli compared to the nucleoplasm. This is likely due to the 500 fact, that nucleolar localization signal as well as nucleic acid binding domains remain unaffected by 501 the deletion. We have found that oligomerization of the deletion mutants was completely abrogated 502 and no interaction between two truncated NPM forms was detected (Figs 5, S2, S3). Nevertheless, 503 immunoprecipitation revealed presence of both exo-and endogenous NPMwt in the G_117 504 precipitates indicating that the truncated NPM yet participates in complexes, which are possibly too 505 large to enter the native gel. The existence of mixed 117/NPMwt complexes is also supported by 506 the FRET results monitoring the 117-NPMwt interaction in live cells (Fig. 6 ). Enhanced level of 507 nucleolar proteins NCL and FBL co-precipitated with the deletion mutants suggests better 508 accessibility of the NPM region responsible for binding of these proteins. Complexes containing NCL 509 and/or FBL together with NPMwt and 117mutants thus represent a potential pool of proteins that 510 can co-precipitate with the deletion mutants. 511 NSC348884 is declared to inhibit NPM oligomerization (61). We therefore analyzed its effect 512 on various leukemia cell lines and on cells expressing fluorescently labeled NPM constructs. First, we 513 tested cell viability and apoptotic signatures in order to determine the range of proper NSC348884 514 concentrations for the live-cell experiments. Concentrations required for a substantial viability 515 decrease and caspase-3 fragmentation fell into the interval of 2-10M for the majority of the cell 516 lines (Fig. 7) . Neither the OCI-AML3 cell line nor the primary cells of AML patients with NPM 517 mutation displayed enhanced sensitivity to NSC348884 treatment. Interestingly, we noticed 518 NSC34884-induced reduction of p14Arf in 293T and HeLa cells (data not shown). Unexpectedly, none 519 of the tested cell lines nor primary cells from AML patients displayed any change in the NPM 520 oligomerization upon treatment with efficient NSC348884 concentrations when investigated by the 521 native and semi-native electrophoreses (Fig. 8) . Similarly, oligomers containing fluorescently labeled 522
NPMwt and NPMmut were not affected by the NSC348884 treatment ( Fig. 10 and S4 ). These results 523 were further verified by immunoprecipitation: both exogenous and endogenous NPM co-precipitated 524 with both GFP-and RFP-labeled NPMwt and NPMmut, despite the presence of NSC348884 (Fig. 11) . 525
Also the fluorescence microscopy revealed sustained fraction of NPMwt in the cytoplasm of 526 NSC348884 treated cells and FLIM-FRET imaging proved persisting interaction between fluorescently 527 labeled NPM molecules upon the NSC348884 treatment (Fig. 12) . Cells expressing two fluorescent 528 variants of NCL were used as a control (Fig. S5) . As expected, NCL molecules labeled with the eGFP 529 donor and the mRFP1 acceptor on their N-termini did not exhibit any FRET, which was proved by a 530 zero lifetime change upon the acceptor photobleaching. The result was independent of the 531 NSC348884 treatment. Compared to NCL, the presence of FRET in the cells with fluorescently labeled 532 NPM is clearly detectable both before and after the NSC348884 treatment. We conclude, that 533 contrary to the published data (61), NSC348884 does not act as an oligomerization inhibitor and does 534 not affect the stability of NPM oligomers under physiological conditions. This finding is extremely 535 important in view of the fact that this drug has been recently reported to cause numerous cellular 536 effects, which were ascribed, in accordance with its declared function, to disruption of NPM 537 oligomerization (36, 56, 64). 538
During the live-cell experiments, we noticed apparent changes in cell adhesivity. The cell-539 surface contact area during the NSC348884 treatment was therefore monitored by Electrical Cell-540
Substrate Impedance Sensing (ECIS) (Fig.13) . The rapid onset of changes in the ECIS signal indicated 541 that the cell shrinkage and detachment was not a secondary effect accompanying apoptosis. As the 542 course of the ECIS signal was similar to that induced by the inhibitor of p21-activated kinases, IPA-3 543 (27), we investigated also the level of activity and expression of PAK1 and of a known actin regulator, 544
Cofilin (23) (Fig.14) . 
